Based on the crystal plasticity theory and interatomic potential, in this paper a new thermo-elasto-plasticity constitutive model is proposed to study the behavior of metal crystals at finite temperature. By applying the present constitutive model, the stress-strain curves under uniaxial tension at different temperatures are calculated for the typical crystal Al, and the calculated results are compared with the experimental results. From the comparisons, it can be seen that the present theory has the capability to describe the thermo-elasto-plastic behavior of metal crystals at finite temperature through a concise and explicit calculation process. The behavior of metal crystals at different temperatures has always extensively drawn attention of scholars. Previously, a series of experiments were carried out to obtain the stressstrain relations of crystals with temperature effect [1][2][3][4][5][6]. From the experimental results, it can be seen that the stressstrain curves of metal crystals usually diverge with increasing strains at different temperatures. In addition, the divergence is not only evident at high temperatures where thermal softening is rapid, it also appears at low temperatures where softening is usually considered to be ignored. In recent years, many theoretical investigations have been carried out [7][8][9][10][11]. For example, the molecular dynamics (MD) and Monte Carlo (MC) methods have been quickly developed for the study of temperature effect at the atomistic scale. However, they are not suitable for large scale simulations, and the free energy is difficult to determine [7]. Therefore, several multi-scale modeling methods which combine atomic interaction with continuum models have made significant contributions [9][10][11], such as the quasicontinuum Monte Carlo (QCMC) method [12] and QC free energy minimization (QCFEM) method [13]. The QCMC method and QCFEM method are the extensions of the quasicontinuum (QC) method [14,15], which is only applicable to the absolute zero temperature, because the interatomic potential does not account for the temperature effect.
The behavior of metal crystals at different temperatures has always extensively drawn attention of scholars. Previously, a series of experiments were carried out to obtain the stressstrain relations of crystals with temperature effect [1] [2] [3] [4] [5] [6] . From the experimental results, it can be seen that the stressstrain curves of metal crystals usually diverge with increasing strains at different temperatures. In addition, the divergence is not only evident at high temperatures where thermal softening is rapid, it also appears at low temperatures where softening is usually considered to be ignored.
In recent years, many theoretical investigations have been carried out [7] [8] [9] [10] [11] . For example, the molecular dynamics (MD) and Monte Carlo (MC) methods have been quickly developed for the study of temperature effect at the atomistic scale. However, they are not suitable for large scale simulations, and the free energy is difficult to determine [7] . Therefore, several multi-scale modeling methods which combine atomic interaction with continuum models have made significant contributions [9] [10] [11] , such as the quasicontinuum Monte Carlo (QCMC) method [12] and QC free energy minimization (QCFEM) method [13] . The QCMC method and QCFEM method are the extensions of the quasicontinuum (QC) method [14, 15] , which is only applicable to the absolute zero temperature, because the interatomic potential does not account for the temperature effect.
Although these theoretical investigations are mature for the thermo-elastic calculation, it is clear that they could do nothing for some experimental results of crystals [1] [2] [3] [4] [5] [6] . In these experiments, the plastic behavior plays an important role in the deformation process, and the critical resolved shear stress and hardening are reduced with the temperature increment. Some physical and phenomenological models based on the plastic behavior of metal crystals have been developed [16] [17] [18] [19] [20] . Based on the crystal plasticity, the physical models focus on the deformation mechanisms, and have made significant progress. For example, Beyerlein et al. [19] developed a dislocation-based thermally activated hardening model to predict the plastic anisotropy of pure Zr at different temperatures and under different orientation conditions. The model proposed by Stainier et al. [20] could capture the dependence of the initial yield stress and hardening on temper-ature. Moreover, additional forthright models were proposed with easy computer simulation process, such as the JohnsonCook model [21] , Zerilli-Armstrong model [22] and KhanHuang-Liang model [16] [17] [18] . These models improved the constitutive descriptions of the dynamic plasticity of metals and described the strain, strain-rate, and temperature relations for metals in the large strain, high strain-rate regime. Among these models, the Khan-Huang-Liang model was well developed with a new relation to describe the dependence of work-hardening behavior on the strain and strain rates. It predicted stress-strain response of FCC metals [23] , BCC metals [17, 24] , HCP metals [25] , and other metals [26, 27] , with a good agreement between the simulations and experimental results at different temperatures.
On the other hand, in addition to the widely recognized theories mentioned above, some new temperature-dependent elasto-plastic constitutive models which combine microand macro-scales have been proposed for some complex and difficult problems [28] [29] [30] [31] [32] [33] . For example, the crystal plasticity finite-element (CPFE) models have been used to investigate the effect of the dislocation creep [34] , hardening behavior [35] , and crystal orientation [36] on the plastic behavior of metal at different temperatures. Zbib and Diaz de la Rubia [30] established a hybrid model to investigate size-dependent small-scale plasticity phenomena and related material instabilities at various length scales, which provides an explicit and effective method for the complex plasticity problem. The model proposed by Kim et al. [32] described the cyclic plasticity deformation of Mg alloys at both the micro-and macro-scales accurately, and had the capacity to deal with complex loading path changes. These multiscale models have addressed problems from new perspectives and made important contributions to the investigation of temperature effect on material behavior.
In the present paper, a new thermo-elasto-plasticity constitutive equation is proposed based on the interatomic potential and solid mechanics. The new deformation decompositions are given in sect. 1.1, in which the total deformation contains thermal, elastic and plastic parts. The thermal strain is introduced in sect. 1.2. The increment constitutive equations are established at the different deformation stages in sect. 1.3. Then the temperature dependences of initial critical resolved shear stress and hardening modulus are considered in sect. 2. The stress-strain curves of Al crystals at different temperatures are calculated using the present model, and the calculation results are compared with experiments in sect. 3.
1
Thermo-elasto-plasticity constitutive relationship
Decomposition of the deformation gradient
As a crystal material is subjected to the external load at the finite temperature, its deformation should include both the mechanical deformation due to the external load and thermal deformation due to temperature. Therefore, the total deformation of a crystal should be a superposition of the elastic-plastic deformation and the thermal deformation due to the thermal vibration of the atoms around the crystal lattice.
The kinematical theory for the mechanics of elastic-plastic deformation of crystal has been well established [37] . Asaro [37] pointed out that the plastic deformation was due to slip and the elastic deformation was caused by distortion and rotation. The kinematical theory would encounter difficulty when it reaches thermal deformation at a finite temperature, thus a new decomposition of deformation gradient is proposed to describe the thermo-elasto-plasticity deformation behaviour. As shown in Figure 1 , the deformation process is decomposed into four parts: the initial configuration at the undeformed state of 0 K (Figure 1(a) ); the first intermediate configuration after free thermal expansions at T K (Figure 1(b) ); the second intermediate configuration after elastic deformation at T K (Figure 1(c) ); and the current configuration after plastic deformation at T K ( Figure  1(d) ).
The total deformation gradient is decomposed as follows:
where F e is the elastic deformation gradient, F p is the plastic deformation gradient, and F * is the thermal deformation gradient due to the free thermal expansion.
The thermal strain tensor E * , elastic strain tensor E e and plastic strain tensor E p take the following respective forms:
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